INTRODUCTION
============

Solar ultraviolet light (UV) irradiation is the most prominent and ubiquitous physical carcinogen in our natural environment and UV-mediated DNA damage plays a critical role in the development of skin cancer ([@b1-molce-42-794]; [@b9-molce-42-794]; [@b10-molce-42-794]). DNA damage induced by UV irradiation initiates cellular recovery mechanisms, including the activation of signaling pathways that respond to DNA damage, cell cycle arrest and apoptosis ([@b13-molce-42-794]). UV irradiation can regulate testicular germ cell fate through DNA damage ([@b19-molce-42-794]). Recent studies have indicated that the mechanism for the cellular response to UV involves noncoding RNAs ([@b11-molce-42-794]; [@b21-molce-42-794]; [@b50-molce-42-794]). UV stimulation promotes the transcription of the long noncoding RNA (lncRNA), ASCC3, which inhibits the expression of the ASCC3 protein encoded by the same gene, and plays important role in the cellular response induced by UV light ([@b50-molce-42-794]). Further, the expression of intermediate-size (70--500 nucleotides) ncRNAs have been shown to be altered post UV irradiation in *Caenorhabditis elegans* ([@b21-molce-42-794]). In addition, knockdown of miR-21-3p can inhibit UV-induced skin inflammation ([@b11-molce-42-794]).

Throughout eukaryotic genomes, lncRNAs are pervasively transcribed and range in size from 200 bp to over 100 kb ([@b4-molce-42-794]; [@b8-molce-42-794]; [@b17-molce-42-794]). Depending on their proximity to protein-coding genes, lncRNAs may be classified as antisense, intronic, bidirectional or intergenic lncRNAs ([@b38-molce-42-794]). Mounting evidence have recently suggested that lncRNAs are important molecules with roles in a in a diverse set of cellular processes, including growth, cell cycle, differentiation and apoptosis, tumor suppression and promotion, and the stress response ([@b27-molce-42-794]; [@b44-molce-42-794]; [@b55-molce-42-794]). Furthermore, lncRNAs can regulate the expression of neighboring protein-coding genes at the level of chromatin remodelling, and transcriptional and posttranscriptional processing ([@b30-molce-42-794]). Although lncRNAs have been investigated extensively, very little is known about the function of lncRNAs with respect to the testicular germ cell response to UV stimulation.

The lncRNA-HOTTIP (HOXA transcript at the distal tip) is spliced and polyadenylated transcript located at the 5′ tip of the Hoxa13 gene. The lncRNA-HOTTIP coordinates the activation of several HOXA genes through binding to and driving MLL1/WDR5 occupancy and H3K4 trimethylation of the HOXA gene promoter in human primary fibroblasts ([@b5-molce-42-794]; [@b47-molce-42-794]). In addition, HOTTIP regulates human cartilage development and destruction by modulating integrin-α1 transcription via Hoxa13, and the HOTTIP transcript could be a potent predictive biomarker for osteoarthritis ([@b18-molce-42-794]). In hepatocellular carcinoma patients, HOTTIP and Hoxa13 expression are associated with disease progression and can predict patient outcome ([@b37-molce-42-794]). Furthermore, the expression levels of HOTTIP RNA are up-regulated in both osteoarthritis chondrocytes and hepatocellular carcinoma specimens ([@b18-molce-42-794]; [@b37-molce-42-794]), suggesting that HOTTIP is involved in multiple types of conditions in which the misregulation of cellular functioning occurrs. HOTTIP can be used as aprognostic biomarker for early-stages of human non--small-cell lung cancer and is correlated with a number of mRNAs and miRNAs signatures ([@b33-molce-42-794]). Moreover, HOTTIP enhances insulin secretion and regulates cell proliferation and the cell cycle by modifying the MEK/ERK cascade in islet-β cells ([@b51-molce-42-794]). It is not clear; however, whether HOTTIP participates in the cellular response to UV-induced DNA damage in germ cells.

In the current study, we have elucidated that expression of lncRNA-HOTTIP and Hoxa13 in mouse tissues and cells, and HOTTIP-Hoxa13 expression is involved in the response to UV-mediated DNA damage in the spermatogonia germ cell line GC-1. Moreover, we have found that HOTTIP-Hoxa13 plays a major role in UV-induced cell cycle arrest and apoptosis via regulating γ-H~2~AX and p53 expression. Collectively, this study uncovers new insights into the function of HOTTIP-Hoxa13 in response to UV damage in spermatogenic cells.

MATERIALS AND METHODS
=====================

Animals
-------

C57BL6/J mice were originally acquired from the Laboratory Animal Center, Bengbu Medical College (Bengbu, China), and housed at room temperature (23 ± 2°C) under of 14 h light and 10 h dark. The mice had free access to water and food. This study received ethical approval from the Ethical Committee for Bengbu Medical College (approval No. 2016004).

Plasmids and siRNAs
-------------------

The mouse Hoxa13 expression vector was constructed by cloning the mouse Hoxa13 cDNA into the pcDNA3.1(+) vector at the *Bam*H I and *Eco*R I restriction sites according to a protocol outlined previously ([@b26-molce-42-794]). Primer sequences have been listed in [Supplementary Table S1](#s1-molce-42-794){ref-type="supplementary-material"}. The construct generated was verified by sequencing. The siRNAs for mouse lncRNA-HOTTIP (si-HOTTIP) and siRNAs for negative control (si-NC) were obtained from Shanghai GenePharma Company Limited (Shanghai, China).

Cell culture and treatments
---------------------------

NIH3T3, STO, GC-1, GC-2 and C18-4 cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Life Technologies, USA) or DMEM/F12 (Life Technologies) supplemented with 10% fetal bovine serum (Life Technologies) and 1% penicillin and streptomycin (100 U/ml penicillin and 100 μg/ml streptomycin; Life Technologies) and incubated at 37°C and 5% CO~2~. Transfection of GC-1 cells were carried out with Lipofectamine 2000 reagent (Invitrogen, USA) following the manufacturer's protocol and cells were transfected with 100 nM si-HOTTIP or si-NC. The DNA plasmids, si-HOTTIP and si-NC were diluted in Opti-MEM I reduced serum medium (Life Technologies).

For UV irradiation, the cultured medium of transfected cells was discarded and cells were rinsed with phosphate-buffered saline (PBS) ([@b45-molce-42-794]). GC-1 cells were irradiated at 0, 5 or 10 J/m^2^ using UV Crosslinker with a peak emission at 254 nm (UVP CL-1000; Analytic Jena US LLC, USA). Immediately after UV treatment, the cells were cultured at 5% CO~2~ and 37°C in fresh medium for 24 h and then collected to study cellular responses to UV.

RNA isolation and real-time quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------------

Total RNA was extracted from either cultured cells or mouse tissues with Trizol (Invitrogen) ([@b28-molce-42-794]). RT-qPCR assays were used to analyze lncRNA-HOTTIP and Hoxa13 mRNA expression according to protocols outlined previously ([@b6-molce-42-794]). Briefly, RNA was reverse transcribed into cDNA by using the PrimeScript RT reagent kit (TaKaRa, Japan) and real-time PCR was executed on ABI Step One System (Applied Biosystems, USA) using the SYBR Premix Ex Taq II kit (TaKaRa) according to the manufacturer's instructions. The relative expression levels of lncRNA-HOTTIP and Hoxa13 mRNA were normalized using endogenous β-actin mRNA. Primers for β-actin, HOTTIP, and Hoxa13 have been listed in [Supplementary Table S2](#s1-molce-42-794){ref-type="supplementary-material"}.

Cell proliferation and flow cytometric analysis (FACS)
------------------------------------------------------

The proliferation of GC-1 cells was measured using a CCK-8 kit (Dojindo Laboratories, Japan) according the manufacturer's protocols. After 24 h of transfection with si-NC/si-HOTTIP and another 24 h after UV treatment, the GC-1 cells were cultured in fresh medium with 10% CCK-8 reagent for 2 h. Subsequently, absorbance at 450 nm for GC-1 cells were measured using a Cytation 3 imaging reader (BioTek, USA).

Cell apoptosis and cell cycle were analyzed using a FACScalibur Flow Cytometer (BD Biosciences, USA). Data analysis was carried out using WinMDI software. To assess cell apoptosis, cells were collected 48-h post treatment, stained with the Annexin V-FITC Apoptosis Detection Kit (Beyotime Biotechnology, China) and analyzed by FACS. To assess cell cycle, cells were collected 48-h post treatment, washed with PBS and fixed overnight in 70% ethanol. Cells were then harvested, washed with PBS, incubated at 37°C for 10 minutes with PBS, 100 μg/ml RNase A (Sigma-Aldrich, USA) and 25 μg/ml propidium iodide (PI) (Sigma-Aldrich), and analyzed by FACS.

Western blotting
----------------

GC-1 cells were lysed in RIPA buffer (Millipore, USA) with 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml CompleteTM EDTA free protease inhibitor cocktail (Roche, USA) and phosphatase inhibitors (5 mM sodium orthovanadate). Protein lysates were loaded on to SDS-PAGE gels, transferred to nitrocellulose membranes (Amersham Biosciences, Germany), immunoblotted with antibodies and visualized using enhanced chemiluminescence substrate (Thermo Fisher Scientific, USA). Protein levels of p53, p21 and γ-H~2~AX were normalized to GAPDH. The primary antibodies in this study were the following: anti-GAPDH (Cell Signaling Technology, USA), anti-p53 (Santa Cruz, USA), anti-γ-H~2~AX (Abcam, USA) and anti-p21 (Santa Cruz).

Statistical analysis
--------------------

Experiments were repeated at least three times and performed in triplicate. Data have been shown as mean ± SEM. Means for groups were analyzed using the Student's *t*-test through IBM SPSS Statistics 21.0 (IBM, USA). *P* values of less than 0.05 was considered statistically significant.

RESULTS
=======

Expression of lncRNA-HOTTIP and Hoxa13 in response to UV exposure
-----------------------------------------------------------------

According to the UCSC Genome Browser (<http://genome.ucsc.edu/>), lncRNA-HOTTIP is located at the 5′ tip of the Hoxa13 gene on chromosome 6qB3. RT-qPCR results have shown that HOTTIP and Hoxa13 are co-expressed in multiple types of mouse tissues ([Fig. 1A](#f1-molce-42-794){ref-type="fig"}) and cell lines ([Fig. 1B](#f1-molce-42-794){ref-type="fig"}), indicating that HOTTIP is coordinately expressed with Hoxa13 both *in vivo* and *in vitro*. Expression of lncRNA-HOTTIP is reported to be involved in cancer progression associated with UV exposure ([@b14-molce-42-794]; [@b25-molce-42-794]). These results suggest that HOTTIP may play critical roles in the male reproductive system, so we chose the spermatogonia germ cell line GC-1 to analyze the potential roles of HOTTIP *in vitro*. Knockdown of HOTTIP significantly inhibited the level of Hoxa13 mRNA ([Fig. 1C](#f1-molce-42-794){ref-type="fig"}) and overexpression of HOTTIP significantly enhanced the level of Hoxa13 mRNA in GC-1 cells ([Supplementary Fig. S1](#s1-molce-42-794){ref-type="supplementary-material"}), which was in agreement with the relationship of coordinated expression for HOTTIP and Hoxa13. To determine whether HOTTIP and Hoxa13 participate in UV-induced germ cell activity. Three intensities of UV irradiation (0, 5, and 10 J/m^2^) were used to stimulate GC-1 cells. As shown in [Figure 1D](#f1-molce-42-794){ref-type="fig"}, results revealed that stimulation with both 5 J/m^2^ and 10 J/m^2^ significantly increases relative levels of both HOTTIP and Hoxa13 mRNA when compared to cells that have not been irradiated with UV light. Furthermore, irradiation with both 5 J/m^2^ and 10 J/m^2^ of UV light inhibited the proliferation of GC-1 cells ([Fig. 1E](#f1-molce-42-794){ref-type="fig"}). Knockdown of HOTTIP attenuated the repressive effects of irradiation of cells with both 5 J/m^2^ and 10 J/m^2^ UV light on the proliferation of GC-1 cells ([Fig. 1E](#f1-molce-42-794){ref-type="fig"}). These data not only indicated that lncRNA-HOTTIP mediates the effects of UVvstimulation in GC-1 cells, but also that lncRNA-HOTTIP and Hoxa13 may cooperate to regulate the UV-induced, cellular response in the reproductive system.

LncRNA-HOTTIP mediates the G2/M phase arrest and apoptosis in UV-irradiated GC-1 cells
--------------------------------------------------------------------------------------

We next explored how lncRNA-HOTTIP regulates proliferation post UV irradiation in GC-1 cells. The effects of stimulation with 0, 5, 10 J/m^2^ UV on cell-cycle progression was determined using FACS analysis. These experiments revealed that stimulation with 5 J/m^2^ and 10 J/m^2^ UV can inhibit GC-1 from exiting G2/M phase relative to those that were not irradiated with UV ([Figs. 2A and 2B](#f2-molce-42-794){ref-type="fig"}). Knockdown of HOTTIP expression partially reversed the effects of UV, reducing the level of G2/M phase arrest in GC-1 cells stimulated with either 5 J/m^2^ or 10 J/m^2^ UV ([Figs. 2A and 2B](#f2-molce-42-794){ref-type="fig"}). Furthermore, stimulation with either 5 J/m^2^ or 10 J/m^2^ UV causes a significant increase in the proportion of cells that undergo early apoptosis compared with compared with those not subjected to UV treatment ([Figs. 2C and 2D](#f2-molce-42-794){ref-type="fig"}). Knockdown of HOTTIP partially reversed the occurrence of early apoptosis in GC-1 cells irradiated with either 5 J/m^2^ or 10 J/m^2^ UV ([Figs. 2C and 2D](#f2-molce-42-794){ref-type="fig"}).

To determine whether levels of the cell cycle and apoptosis-related proteins, p53 and p21, and the UV-induced, DNA-damage-repair protein, γ-H~2~AX, were affected, relative expression of the proteins were assessed by western blot. As shown in [Figure 2E](#f2-molce-42-794){ref-type="fig"}, irradiation with 5 J/m^2^ and 10 J/m^2^ UV promoted expression of both p53 and p21, proving a mechanistic explanation of why GC-1 cells accumulated in G2/M phase and underwent early apoptosis post UV exposure. Stimulation with 5 J/m^2^ and 10 J/m^2^ UV also enhanced γ-H~2~AX expression, which suggests that DNA damage occurs in UV-irradiated GC-1 cells ([Fig. 2E](#f2-molce-42-794){ref-type="fig"}). Knockdown of HOTTIP can reverse the effects stimulation with 5 J/m^2^ and 10 J/m^2^ UV with respect to p53, p21 and γ-H~2~AX levels ([Fig. 2E](#f2-molce-42-794){ref-type="fig"}). Furthermore, lncRNA-HOTTIP can promote γ-H~2~AX transcription in UV-induced GC-1 cells with DNA damage ([Supplementary Fig. S2](#s1-molce-42-794){ref-type="supplementary-material"}). These results suggest that HOTTIP may have the ability to inhibit UV-induced cell-cycle arrest, apoptosis and DNA damage repair. Induction of G2/M cell cycle arrest by lncRNA-HOTTIP indicates that HOTTIP acts as a pro-apoptotic activator and then causes DNA damage in UV-stimulated GC-1 cells.

Hoxa13 functions downstream from lncRNA-HOTTIP in UV-treated GC-1 cells
-----------------------------------------------------------------------

Previous studies have reported that Hoxa13 is involved in cell proliferation, the cell cycle and apoptosis both *in vivo* and *in vitro* ([@b32-molce-42-794]; [@b36-molce-42-794]; [@b39-molce-42-794]). These reports were able to show that expression of lncRNA-HOTTIP and Hoxa13 are coordinated, so we examined whether Hoxa13 expression affected HOTTIP-mediated UV responses in GC-1 cells. Results here demonstrated that overexpression of Hoxa13 reverses si-HOTTIP-mediated repression of G2/M phase arrest ([Figs. 3A and 3B](#f3-molce-42-794){ref-type="fig"}) and early apoptosis ([Figs. 3C and 3D](#f3-molce-42-794){ref-type="fig"}) in GC-1 cells irradiated with 5 J/m^2^ UV. Furthermore, overexpression of Hoxa13 can block si-HOTTIP-mediated inhibition of p53, p21 and γ-H~2~AX accumulation in GC-1 cells irradiated with 5 J/m^2^ UV ([Fig. 3E](#f3-molce-42-794){ref-type="fig"}). Overexpression of Hoxa13 has no significant effect on the cell cycle, apoptosis and the expression of proteins related to those processes without UV treatment, indicating that the high expression level of Hoxa13 does not likely alter GC-1 cell activity under normal cellular conditions. Taken together, these experiments suggest that a novel signaling pathway consisting of the coordinated expression of HOTTIP-Hoxa13 is involved in the response to UV irradiation in GC-1 cells in which expression of key regulatory proteins and corresponding cellular mechanisms are altered.

p53 regulates lncRNA-HOTTIP expression *in vitro* and *in vivo*
---------------------------------------------------------------

The mutual regulation of p53 and lncRNA has already been shown to vital roles in physiological and pathological processes such as development and cancer ([@b15-molce-42-794]; [@b46-molce-42-794]). In this research, we revealed that expression of lncRNA-HOTTIP and Hoxa13 was lower in p53 −/− mouse testis, ovaries and lung cells compared with the same type of cells from p53 +/+ mice ([Fig. 4A](#f4-molce-42-794){ref-type="fig"}). Furthermore, overexpression of p53 in GC-1 cells significantly increased the expression level of both lncRNA-HOTTIP and Hoxa13 ([Fig. 4B](#f4-molce-42-794){ref-type="fig"}), while knockdown of p53 in GC-1 cells significantly decreased the expression of lncRNA-HOTTIP and Hoxa13 ([Fig. 4C](#f4-molce-42-794){ref-type="fig"}). These data identified a p53-HOTTIP-hoxa13 signaling pathway that participates in the cellular response to UV. Further, expression of lncRNA-HOTTIP and Hoxa13 was higher in p53 −/− mouse liver and heart cells compared with liver and heart cells from a p53 +/+ mouse ([Fig. 4A](#f4-molce-42-794){ref-type="fig"}), these findings suggest that p53 regulates HOTTIP expression in a tissue-specific manner. In the future, further study will be conducted both *in vitro* and *in vivo* to elucidate the molecular mechanism employed by p53 in the regulation of lncRNA-HOTTIP in GC-1 cells post UV irradiation.

DISCUSSION
==========

The majority of the animal genomes encode a large number of noncoding RNAs, which can be broadly divided into two groups comprised of small ncRNAs (18--200 bp) and long ncRNAs (200 bp to \> 100 kb) ([@b3-molce-42-794]; [@b35-molce-42-794]). In addition to well-studied small ncRNAs (e.g., microRNAs, piwi-interacting RNAs and small interfering RNAs), lncRNAs have recently been identified as important molecules that are responsible for the regulation of diverse cellular processes including dosage compensation and genomic imprinting ([@b31-molce-42-794]; [@b34-molce-42-794]). Furthermore, the coordinated expression of lncRNAs with proximal or distal genes plays an important role in physiological and pathological processes in lower and higher organisms ([@b7-molce-42-794]; [@b23-molce-42-794]; [@b43-molce-42-794]; [@b54-molce-42-794]). For example, the expression of the β-catenin-coordinated lncRNA, MALAT1, and downstream signaling factors, affects the function of hepatocyte growth factors and promotes differentiation of bone marrow mesenchymal stem cells into hepatocytes ([@b43-molce-42-794]). The lncRNA, Jpx, regulates expression of the lncRNA, Xist, in a dose-dependent manner using both trans and cis methods, which were confirmed using transgenic mouse models ([@b7-molce-42-794]). The lncRNA, MACC1-AS1, is an antisense version of the transcriptional regulator, MACC1, which regulates the mesenchymal to epithelial transition (MET). MACC1 expression increases under conditions of metabolic stimulation and facilitates metabolic plasticity through enhancing MACC1 expression via mRNA stabilization ([@b54-molce-42-794]). The signaling pathway including lncRNA linc1281, miRNA let-7 and DNA methylation promote the acute extinction of naive pluripotency, which is required for the rapid transition from the pre-implantation epiblast stage to gastrulation in rodents ([@b23-molce-42-794]). In this research, we demonstrated that lncRNA-HOTTIP is coordinated with expression of Hoxa13 both *in vivo* and *in vitro*. The synergistic expression of lncRNA-HOTTIP-Hoxa13 mediates the effects of UV stimulation on spermatogonia germ cell GC-1 cells. These data imply that lncRNA-HOTTIP and Hoxa13 may cooperate to regulate the reproductive system in physiological and pathological processes. We also revealed that UV induces the expression of lncRNA-HOTAIR/HOTTIP and inhibits the expression of lncRNA-p21/MD-1 in GC-1 cells ([Supplementary Fig. S3](#s1-molce-42-794){ref-type="supplementary-material"}). The transcriptome-wide examination of lncRNAs induced by UV using RNA-seq will be studied in future. In addition, UV can also promote the expression of lncRNA-HOTTIP in skin TE353-3K cells ([Supplementary Fig. S4](#s1-molce-42-794){ref-type="supplementary-material"}). Further research investigating UV-induced HOTTIP in TE353-3K cells will be need to elucidate the role of the lncRNA in skin cells.

Many studies have focused on the functions of lncRNAs with respect to cellular proliferation, cell cycle and apoptosis and have revealed both positive and negative effects of lncRNAs on the cellular functioning ([@b20-molce-42-794]; [@b24-molce-42-794]; [@b48-molce-42-794]; [@b52-molce-42-794]; [@b53-molce-42-794]). Low expression of lncRNA NBAT-1 is associated with the occurrence of lung cancer and overexpression of lncRNA NBAT-1 suppress cellular proliferation, the cell cycle and stimulate apoptosis in A549 cells ([@b20-molce-42-794]). LncRNA AF113014 restrains proliferation of the hepatocllular carcinoma cell line both *in vitro* and *in vivo* through acting as the sponge for miR-20a, which directly targets Egr2 ([@b52-molce-42-794]). LncRNA MIR31HG can enhance cellular proliferation and cell cycle progression, and block apoptosis *in vitro* and *in vivo* by regulating HIF1A and p21 in head and neck squamous cell carcinoma ([@b48-molce-42-794]). LncRNA CACS11 affects the gastric cancer cell cycle signaling pathway consisting of miR-340-5p-CDK1 and then activates cellular proliferation, migration and invasion ([@b53-molce-42-794]). The lncRNA TP73AS1 is considered an ovarian cancer oncogenic lncRNA, which promotes proliferation of ovarian cancer by modifying the cell cycle and apoptosis signaling ([@b24-molce-42-794]). In the present study, we demonstrated that lncRNA-HOTTIP has no significant effects on the proliferation, cycle and apoptosis of GC-1 cells under physiological conditions. However, GC-1 cells produce large amounts of lncRNA-HOTTIP which can regulate the GC-1 cellular proliferation, cycle and apoptosis post UV irradiation. These results demonstrated that the roles of some lncRNAs may be limited to the response to stress or to regulating cellular activities under conditions of abnormal cellular functioning such as cancer.

UV is a vital external stimulus that can regulate cellular activities in various biological systems through the modification of multiple signaling pathways ([@b2-molce-42-794]; [@b12-molce-42-794]; [@b16-molce-42-794]; [@b29-molce-42-794]; [@b40-molce-42-794]). UV irradiation facilitates the phosphorylation of histone acetyltransferases and affects CRL4 ubiquitylation and, subsequently, inhibits cellular proliferation ([@b29-molce-42-794]). Over-activation of CDC42 is induced by UV stimulation and results in G2/M phase arrest and suppresses proliferation and survival in Hela cells ([@b2-molce-42-794]). The deficiency of chromatin remodeling protein Brahma in keratinocytes enhances UV-induced carcinogenesis through promoting the cell cycle progression and promotes the accumulation of DNA mutations ([@b12-molce-42-794]). BV-2 microglial cells treated with lipopolysaccharide can resist UV-stimulated apoptosis via cell cycle arrest in G1 through the upregulation of expression of p21 and GADD45α ([@b16-molce-42-794]). The transcription factor nuclear factor erythroid 2-related factor 3 (Nrf3) activates UV-induced apoptosis in keratinocytes through the inhibition of cell-cell and cell-matrix adhesion ([@b40-molce-42-794]). This study has revealed that UV treatment significantly promotes lncRNA-HOTTIP expression, which coordinates the activation of Hoxa13, a neighboring gene, in GC-1 cells. In addition, UV-induced G2/M phase arrest and early apoptosis are regulated by HOTTIP and Hoxa13. Signaling through lncRNA-HOTTIP-Hoxa13 regulates the expression of p53, p21 and γ-H~2~AX in UV irradiated GC-1 cells. Taken together, these results have shown that a novel lncRNA-related signaling cascade participates in regulating the response to UV irradiation in reproductive cells.

A growing number of studies have indicated that lncRNA-HOTTIP contributes to a variety of human conditions and are key candidates as biomarkers of disease ([@b22-molce-42-794]; [@b41-molce-42-794]; [@b42-molce-42-794]; [@b49-molce-42-794]; [@b56-molce-42-794]). Upregulation of lncRNA-HOTTIP in acute myeloid leukemia-M5 patients significantly activated cellular proliferation and cell cycle progression through the modification miR-608-DDA1 ([@b56-molce-42-794]). In renal carcinoma cells, increased expression of lncRNA-HOTTIP promotes cellular proliferation, migration and invasion and inhibits cellular autophagy via the PI3K-Akt-Atg13 signaling pathway ([@b41-molce-42-794]). In addition, the lncRNA-HOTTIP levels were decreased in an ischemic stroke mouse model, while overexpression of lncRNA-HOTTIP weakened oxygen-glucose-deprivation-induced neuronal injury. The lncRNA affected glycolytic metabolism by sequestering miR-143, which directly targeted HK-2 expression ([@b49-molce-42-794]). Expression of lncRNA-HOTTIP was remarkably increased in diabetic retinopathy rat and mouse models, which aggravate diabetic retinal microangiopathy via p38-MAPK signaling ([@b42-molce-42-794]). The reduced level of expression of lncRNA-HOTTIP in preeclampsia patients has been associated with maternal blood pressure and urinary protein levels. Overexpression of lncRNA-HOTTIP, however has been shown to promote trophoblast cellular proliferation and cell cycle progression through suppressing Rho family GTPase 3 ([@b22-molce-42-794]). This research demonstrated that the expression of lncRNA-HOTTIP and Hoxa13 was significantly decreased in the testis of p53 −/− versus wild type mouse models. Overexpression of p53 in GC-1 cells significantly promoted the expression of lncRNA-HOTTIP and Hoxa13 *in vitro*. These results suggest that the mutual regulation of p53 and HOTTIP may occur in the cellular response to UV induction in GC-1 cells. To enhance our understanding of the detailed regulatory signaling pathway involving p53 and lncRNA-HOTTIP in GC-1 cells further research is required.

This research showed a novel lncRNA-HOTTIP-Hoxa13 signaling pathway in the regulation of the UV-induced GC-1 cellular response. UV irradiation causes spermatogonia germ cell line, GC-1, cells to arrest in the G2/M phase and undergo early apoptosis. This occurs, at least partiall0y, through the synergistic co-expression of HOTTIP and Hoxa13, along with increased expression of downstream signaling factors including p53, p21 and γ-H~2~AX ([Fig. 5](#f5-molce-42-794){ref-type="fig"}). Further analysis of the roles of lncRNA-HOTTIP *in vivo* may provide the information necessary for strengthening treatments for diseases caused by UV irradiation.
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![UV induces the coordinated expression of lncRNA-HOTTIP and Hoxa13\
(A and B) The coordinated expression of lncRNA-HOTTIP and Hoxa13. RT-qPCR was used to examine expression of both HOTTIP and Hoxa13 in mouse tissues (A) and cell lines (B). (C) LncRNA-HOTTIP promotes the expression of Hoxa13. The efficiency of the knockdown of HOTTIP and the Hoxa13 expression was confirmed using RT-qPCR to measure transcript levels in GC-1 cells after they had been transfected with si-NC or si-HOTTIP for 24 h. (D) UV induces the coordinated expression of lncRNA-HOTTIP and Hoxa13. GC-1 cells were treated with 0, 5, and 10 J/m^2^ UV. Expression levels of genes were then measured using RT-qPCR 24-h post treatment. (E) Knockdown of HOTTIP attenuates the inhibitory effects of UV treatment on GC-1 cell proliferation. GC-1 cells were transfected with si-NC or si-HOTTIP and were treated with 0, 5, and 10 J/m^2^ UV 24-h post transfection. Proliferation of GC-1 cells was measured by using the CCK-8 method 24-h post UV exposure. Data shown are the mean ± SEM of three independent experiments, each of which were performed in triplicate. \**P* \< 0.05.](molce-42-794f1){#f1-molce-42-794}

![UV treatment leads to G2/M phase arrest and apoptosis through lncRNA-HOTTIP in GC-1 cells\
(A--D) Knockdown of HOTTIP partially rescues the level of G2/M phase arrest (A and B) and early apoptosis (C and D) in UV-stimulated GC-1 cells. GC-1 cells were transfected with si-NC or si-HOTTIP, and were treated using 0, 5, and 10 J/m^2^ UV 24-h post transfection. 24 h subsequently, cell cycle (A and B) and apoptosis (C and D) of GC-1 cells were detected by using FACS. Representative photographs of cell cycle and apoptosis were shown in panels (B) and (D), respectively. (E) HOTTIP inhibited the expression of proteins that regulate UV-induced cell cycle arrest, apoptosis and DNA damage repair in GC-1 cells. GC-1 cells were transfected with si-NC or si-HOTTIP, and were treated using 0, 5, and 10 J/m^2^ UV 24-h post transfection. Protein abundance was analyzed using western blotting. (A and C) Data shown are the mean ± SEM of three independent experiments each performed in triplicate. \**P* \< 0.05, \*\**P* \< 0.01.](molce-42-794f2){#f2-molce-42-794}

![Hoxa13 mediates the function of lncRNA-HOTTIP in UV-stimulated GC-1 cells\
(A--D) Overexpression of Hoxa13 blocks the inhibitory effects of si-HOTTIP on G2/M phase arrest (A and B) and early apoptosis (C and D). GC-1 cells were transfected with either si-NC or si-HOTTIP and pcDNA3.1(+) or pcDNA3.1(+)-Hoxa13, and were treated with 0 and 5 J/m^2^ UV 24-h post transfection. 24-h post UV irradiation, cell cycle progression (A and B) and apoptosis (C and D) of GC-1 cells were assessed using FACS. Representative photographs of cell cycle progression and apoptosis were shown (B) and (D), respectively. (E) Hoxa13-mediates the promotion of expression of p53, p21 and γ-H~2~AX proteins, which are reduced in si-HOTTIP post UV exposure in GC-1 cells. GC-1 cells were transfected with si-NC or si-HOTTIP, and were irradiated with and 5 J/m^2^ UV 24-h post transfection. Isolated proteins was analyzed using western blotting. (A and C) Data shown are the mean ± SEM of three independent experiments each performed in triplicate. \**P* \< 0.05.](molce-42-794f3){#f3-molce-42-794}

![p53 enhances the expression of lncRNA-HOTTIP *in vitro* and *in vivo*\
Expression of HOTTIP and Hox13 was measured in mouse tissues with and without p53 *in vivo* have been shown in (A). Total RNA was isolated from p53 +/+ mouse tissues and p53 −/− mouse tissues, and then RT-qPCR was used to measure HOTTIP and Hoxa13. (B and C) p53 promotes the expression of HOTTIP and Hoxa13 *in vitro*. GC-1 cells were transfected with pcDNA3.1(+)/pcDNA3.1(+)-Hoxa13 (B) or si-NC/si-p53 (C). Isolated RNA was analyzed using RT-qPCR after 24-h post transfection. (A--C) Data are presented as the mean ± SEM of three independent experiments, each performed in triplicate. \**P* \< 0.05.](molce-42-794f4){#f4-molce-42-794}

![Model for describing the lncRNA-HOTTIP-Hoxa13 molecular signaling cascade in UV-treated GC-1 cells\
UV promotes G2/M phase arrest and early apoptosis in the spermatogonia germ cell line GC-1. This occurs, at least partially, through the coordinated induction of lncRNA-HOTTIP and Hoxa13 expression.](molce-42-794f5){#f5-molce-42-794}
